^nn\ / Molecular Vision 2014; 20:908-920 <http://www.molvis.org/molvis/v20/908> 
«^IVI V Received 29 July 2013 | Accepted 20 June 2014 | Published 23 June 2014 



© 2014 Molecular Vision 



Anti-vascular endothelial growth factor acts on retinal microglia/ 
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Purpose: To evaluate whether anti-vascular endothelial growth factor (VEGF) neutralizing antibodies injected in the 
vitreous of rat eyes influence retinal microglia and macrophage activation. To dissociate the effect of anti-VEGF on 
microglia and macrophages subsequent to its antiangiogenic effect, we chose a model of acute intraocular inflammation. 
Methods: Lewis rats were challenged with systemic lipopolysaccharide (LPS) injection and concomitantly received 5 
ul of rat anti-VEGF-neutralizing antibody (1.5 mg/ml) in the vitreous. Rat immunoglobulin G (IgG) isotype was used 
as the control. The effect of anti-VEGF was evaluated at 24 and 48 h clinically (uveitis scores), biologically (cytokine 
multiplex analysis in ocular media), and histologically (inflammatory cell counts on eye sections). Microglia and mac- 
rophages were immunodetected with ionized calcium-binding adaptor molecule 1 (IBA1) staining and counted based on 
their differential shapes (round amoeboid or ramified dendritiform) on sections and flatmounted retinas using confocal 
imaging and automatic quantification. Activation of microglia was also evaluated with inducible nitric oxide synthase 
(iNOS) and IBA1 coimmunostaining. Coimmunolocalization of VEGF receptor 1 and 2 (VEGF-R1 and R2) with IBA1 
was performed on eye sections with or without anti-VEGF treatment. 

Results: Neutralizing rat anti-VEGF antibodies significantly decreased ocular VEGF levels but did not decrease the 
endotoxin-induced uveitis (EIU) clinical score or the number of infiltrating cells and cytokines in ocular media (in- 
terleukin [IL]-1(3, IL-6, tumor necrosis factor [TNF]-a, and monocyte chemoattractant protein [MCP]-1). Eyes treated 
with anti-VEGF showed a significantly decreased number of activated microglia and macrophages in the retina and the 
choroid and decreased iNOS-positive microglia. IBAl-positive cells expressed VEGF-R1 and R2 in the inflamed retina. 
Conclusions: Microglia and macrophages expressed VEGF receptors, and intravitreous anti-VEGF influenced the mi- 
croglia and macrophage activation state. Taking into account that anti-VEGF drugs are repeatedly injected in the vitreous 
of patients with retinal diseases, part of their effects could result from unsuspected modulation of the microglia activation 
state. This should be further studied in other ocular pathogenic conditions and human pathology. 



Microglial cells, the main resident sentinel immune cells, 
are located around vessels in the inner part of the healthy 
retina [1-6]. In diabetic retinopathy [7,8], age-related macular 
degeneration (AMD) [9], uveitis [10], and aging [11-13], these 
cells become activated and may migrate in the sub-retinal 
space [13]. The migration and activation of microglia are 
often a non-specific early stress response. Hyperglycemia- 
induced glial activation has been suspected to contribute 
to the early development of diabetic retinopathy and is 
associated with electroretinographic alterations before any 
signs of microangiopathy are clinically detectable [14,15]. 
In experimental uveitis or in light-induced retinal damage, 
resident microglia migrate toward the photoreceptor cell layer 
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where they generate tumor necrosis factor-alpha (TNF-a) 
and peroxynitrite witnessing nitric oxide (NO) production 
and inducible nitric oxide synthase (iNOS) activation, before 
the circulating macrophages and polymorphonuclear cells 
infiltrate the eye tissue [10]. The cytokines and toxic media- 
tors (such as NO) released by activated microglia under these 
conditions are suspected to be neurotoxic to photoreceptor 
cells [16-19] suggesting that activation of microglia may 
contribute to permanent retinal damage. However, retinal 
microglia constitutively secrete interleukin-27 (IL-27), and 
its expression is upregulated during uveitis. IL-27 signaling 
then induces the production of anti-inflammatory molecules 
by photoreceptor cells such as IL-10 and suppressor of cyto- 
kine signaling 1 (SOCS1), suggesting that microglia could 
also control the inflammatory response [20]. Microglia, 
depending on its activation state, is a key and early regulator 
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in retinal inflammation and a potential modulator of the 
inflammatory response. 

The exact molecular events that trigger microglia acti- 
vation remain imperfectly understood. Chemokines, and 
CX3CR1 (receptor for CX3C chemokine ligand 1; CX3CL1) 
in particular, have shown to control microglia migration in 
the retina since CX3CR1 knockout (KO) mice show sponta- 
neous microglia accumulation in the sub-retinal space and 
subsequent photoreceptor degeneration [9]. In humans, the 
CX3CR1 polymorphism may be associated with wet AMD 
risk [9]. 

More recently, we have shown that in a non-obese type 2 
diabetic rat, retinal microglia accumulation in the sub-retinal 
space could result from impaired transepithelial migration 
of microglia through intact RPE cells in hyperglycemic 
conditions. In the normal retina, and more intensively with 
aging, transcellular pores have been identified in the RPE, 
which could contribute to microglia trafficking between the 
retina and the choroid [13]. Hyperglycemia could impair this 
physiologic trafficking contributing to sub -retinal activated 
microglia accumulation and subsequent retinal damage. 

During endotoxin-induced uveitis (EIU), myeloid cells 
differentially infiltrate tissues of the anterior and posterior 
segments of rat eyes. In the iris, infiltration of monocytes 
is observed as early as 2 h after lipopolysaccharide (LPS) 
injection, followed by massive myeloid cell infiltration, 
mostly polymorphonuclear, at 4-6 h. The number of cells 
with dendritic shape decreases by about 50% at 24 h [21]. In 
the retina, resident macrophages and microglia migrate and 
aggregate around retinal blood vessels at 4 h. At 16 h, when 
uveitis is clinically detectable, a more massive infiltration 
of macrophages with round, pleiomorphic, and dendritiform 
shapes is observed, followed after 72 h and thereafter by a 
predominant dendritiform cells morphologic change all over 
the retina [22]. The chemical depletion of the circulating 
macrophages has given some insight into their pathogenic role 
during EIU. Although significantly decreased cell infiltration 
was observed in the anterior segment, retinal and choroidal 
cell infiltration was not decreased, suggesting that monocyte 
infiltration plays a minor role in retinal inflammation during 
EIU [23]. Interestingly, monocytes and macrophages are now 
viewed as important but complex actors in the pathogenesis 
of age-related macular degeneration [24]. 

Human monocytes and macrophages express Flt-1 [25], 
and murine brain microglial cells were shown to express in 
vitro, vascular endothelial growth factor (VEGF) receptor 1 
(VEGF-R1, Flt-1) but not VEGF-R [26]. In a model of trau- 
matic brain injury, intracerebral injection of VEGF induced 
the invasion of activated microglia in the injured site at day 
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5 that persisted up to day 60 [27], suggesting that VEGF 
may be involved in recruiting and activating microglia. In a 
neurodegeneration model induced by intracerebral injection 
of the amyloid-P-peptide, Flt-1 was shown to mediate VEGF- 
induced microglial migration and activation, suggesting a 
functional role for Flt-1 in mediating the microglial chemo- 
tactic inflammatory response that contributes to pathological 
conditions in Alzheimer disease [28]. 

Whether anti-VEGF drugs commonly used in ocular 
conditions associated with VEGF increase could modulate 
retinal microglia and macrophage activation has not been 
examined. Anti-VEGF drugs are routinely used in treating 
wet AMD to reduce deleterious consequences of choroidal 
neovascularization [29-31]. In other ocular diseases, anti- 
VEGF drugs efficiently reduced macular edema secondary 
to vein occlusion [32] and diabetic retinopathy [33,34]. Inter- 
estingly, the chronic use of anti-VEGF for diabetic macular 
edema was shown to exert unexpected beneficial effects on 
the development and severity of diabetic retinopathy, but the 
mechanism of this clinical effect remains unclear [35]. 

We have hypothesized that anti-VEGF treatments could 
exert direct effects on microglia activation and migration in 
the retina. To explore this hypothesis, we have evaluated the 
effect of a specific rat anti-VEGF antibody, administered 
via an intravitreous route, on migration and activation of rat 
microglia in an acute model of intraocular inflammation, 
EIU. EIU is induced by systemic injection of LPS [36], a 
known activator of retinal microglia [37]. 

Although anti-VEGF did not influence the severity of 
uveitis, the treatment induced a strong inhibitory effect on 
retinal and choroidal microglia activation. This result suggests 
that anti-VEGF treatments may have indirect unsuspected 
effects on retinal diseases by inhibiting microglia activation. 

METHODS 

Animal model: All experiments were performed in accor- 
dance with the ARVO Statement for the Use of Animals in 
Ophthalmic and Vision Research and European Communities 
Council Directive 86/609/EEC. Experiments were submitted 
and approved by the ethic committee of Paris Descartes 
University (number: Ce5/2012/123), The care and use of the 
animals was in compliance with ARVO statement for the Use 
of Animals in Ophthalmic and Vision Research. Accredita- 
tion N° of the laboratory: B 75 0 6 02. Adult female Lewis 
rats (6-8 weeks old; Janvier, Le Genest-Saint-Isle, France) 
were used for in vivo experiments. The rats were anesthe- 
tized with intraperitoneal injection of pentobarbital (25 mg/ 
kg Nembutal; Abbot, Saint-Remy sur Avre, France). Rats 
were killed by a lethal dose of pentobarbital intraperitoneal 
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injection. At least 20 animals per treatment group and 20 
untreated controls or control immunoglobulin G (IgG) were 
used, and the experiments were repeated twice. EIU was 
induced in rats with a single footpad injection of 100 (0.1 sterile 
pyrogen-free saline containing 200 \xg LPS from Salmonella 
typhimurium (Sigma-Aldrich, Saint Quentin Fallavier, 
France) [38]. 

Animals were examined with slit-lamp at 24 h, the 
clinical peak of the disease in our experiments, and at 48 h. 
The intensity of the clinical ocular inflammation was scored 
on a scale from 0 to 5 for each eye, as described previously 
[38]: grade 0: no inflammation; grade 1, minimal iris and 
conjunctival vasodilation but without cells in the anterior 
chamber; grade 2, moderate iris and conjunctival vessel dila- 
tion but without evident cells in the anterior chamber; grade 
3, intense iris vessels dilation and fewer than 10 cells per 
slit-lamp field in the anterior chamber; grade 4, more severe 
clinical signs than grade 3, with more than ten cells in the 
anterior chamber with or without the formation of hypopion; 
grade 5, intense inflammatory reaction, fibrin formation in 
the anterior chamber, and total seclusion of the pupil. Clinical 
evaluation was performed in a masked manner. 

Treatments: Intravitreous injections were performed using 
microfine (300 ul) syringes with 30G needles under topical 
anesthesia (tetracaine 1%; Sigma-Aldrich). Intravitreous 
injections of 5 nl anti-VEGF (rat VEGF antibody, RnD 
system, Lille, France, at 1.5 mg/ml) or vehicle (PBS; IX 4.3 
mMNaHPC" 137 mMNaCl, 2.7 mMKCl, 1.8 mM KHPO.) 

2 4' 2 4' 

or rat IgG isotype, RnD System, Lille, France at 1.5 mg/ml) 
were performed in the rat eyes at the time of LPS challenge. 
The final vitreous concentration was chosen similar to the 
bevacizumab final concentration commonly used in the clinic 
(1.25 mg in 8 ml, 0.15/ml). Rats were sacrificed by a lethal 
dose of pentobarbital at either 24 or 48 h after injections. 

The first experiment was performed with the rat isotype 
IgG antibody, which is the real control to ensure that any 
observed effect is not related to the protein itself but rather 
due to the specific anti-VEGF activity. For this experiment, 
rats were treated with either the vehicle or the IgG isotype 
antibody at the time of LPS injection (five rats/ten eyes per 
group), and they were euthanized at 24 h to quantify the acti- 
vated microglia on eye cryosections. Since the isotype IgG 
did not exert an effect, either on inflammation or on microglia 
activation, we then performed all other experiments with the 
vehicle as the control. 

Polymorphonuclear cell quantification: Polymorphonuclear 
cells, identified by the shape of their nuclei stained with 
4',6-diamidino-2 -phenyl-indole (DAPI), were quantified on 
histologic sections. The analysis was performed on five eyes 
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per experimental group, with six sections per eye at the optic 
nerve head level. Results are expressed as mean ± standard 
deviation (SD). Digitized micrographs were obtained using a 
digital camera (Spot; BFI Optilas, Evry, France). 

Sample collection: Aqueous humor and vitreous were 
collected and pooled from each enucleated eye to get enough 
ocular media for multiplex analysis. Ocular media refers to 
the mixed aqueous humor and vitreous from a single eye. 
Ocular fluids were immediately centrifuged. The cell-free 
fractions were collected and frozen at -20 °C before analysis 
with multiplex assay. Neuroretinas were carefully dissected 
from the enucleated eyes, snap frozen, and stored at -80 °C 
until use for RT-PCR analyses. For immunohistochemistry, 
eyeballs were collected and fixed for 1 h at room temperature 
in PBS containing 4% paraformaldehyde before they were 
rinsed overnight in PBS. The next day, the samples were 
embedded and frozen in optimal cutting-temperature (OCT) 
compound (Tissue -Tek; Sakura Finetek, Zoeter-woude, the 
Netherlands) and stored at -80 °C. Cryosections (10 um 
thick) of eyes were performed at the optic nerve level using 
a cryostat (CM 3050S; Leica, Rueil-Malmaison, France) and 
mounted on slides (Superfrost; Gerhard Menzel, Brausch- 
weig, Germany) for immunohistochemical analysis. 

Chemokine and cytokine multiplex assay: Intraocular fluids 
were subjected to multiplex bead analysis [38]. This method 
uses microspheres as the solid support for immunoassays 
and allows the titration of a greater number of cytokines 
with increased sensitivity than occurs with enzyme-linked 
immunosorbent assay (ELISA). For each sample, 17 analytes 
were quantified simultaneously using the rat cytokine/ 
chemokine-17 plex kit (Milliplex Map Kit; Millipore, Saint- 
Quentin-en-Yvelines, France) according to the manufacturer's 
instructions, as follows: chemokines monocyte chemoattrac- 
tant protein (MCP)-1/CCL2, MIP-la/CCL3, RANTES/CCL5, 
IP10/CXCL10 (IFN-inductible protein-10) and GRO/KC; 
proinflammatory mediators IL-1J3, IL-8, and TNF-a; Thl/ 
Th2/Thl7 cytokines IL-2 and IFN-y /IL-4, IL-5, IL-6, 11-10, 
and IL-13/IL17. The assay was performed in a 96-well filter 
plate, and standard curves for each cytokine were generated 
with the rat cytokine standard provided in the kit. All incuba- 
tion steps were performed under medium orbital agitation in 
the dark to protect the beads from light. Data acquisition and 
analysis were performed with the manager software version 
4.1 (Bioplex; Bio-Rad) with five logistic parameters for 
standard curves. Detection thresholds for all analytes were 
estimated to be approximately 1 to 10 pg/ml. 

Reverse transcription and real-time PCR: Total RNA was 
isolated from neuroretinas from anti-VEGF and vehicle- 
injected EIU rat eyes (n = 5 eyes of five rats per group; 
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RNeasy Plus Mini Kit; Qiagen, Courtaboeuf, France). 
First-stand cDNA was synthesized using random primers 
(Invitrogen, Cergy Pontoise, France) and reverse transcrip- 
tase (Superscript II; Invitrogen). Transcript levels of nitric 
oxide synthase 2 (NOS2) and TNF-a were analyzed with 
real-time PCR performed in a real-time PCR system (7500 
Real-Time PCR System; Applied Biosystems, Foster City, 
CA) with either SYBR Green (for NOS2) or TaqMan (for 
TNF-a) methodology. RT-qPCR reactions were carried out 
with 100 ng cDNA sample. Non-template control reactions 
were performed for each gene, in order to assure nonspecific 
amplification. Reactions were performed with the following 
thermal profile: 10 min. at 95°C plus 40 cycles of 15 seconds 
at 95°C and 1 min. at 60°C. Real-time PCR results were 
analyzed with SDS 2.1 software (Applied Biosystems) and 
quantification were calculated on the basis of threshold cycle 
(C T ) for the target gene and the reference gene 18 S according 
to the following formula: 2 A(C T (GADPH) - C T (Target)).The 
18S was used as an internal control. The delta cycle threshold 
calculation was used for relative quantification of the results. 

Immunofluorescence: Microglial cells were visualized with 
immunofluorescence, using rabbit polyclonal anti-ionized 
calcium binding adaptor molecule 1 (anti-IBAl; 1:400, 
Wako, Richmond, VA), a specific marker for microglia and 
macrophages [39]. To evaluate microglial cell activation, 
NOS2 expression was visualized using a mouse monoclonal 
anti-NOS2 (1:100; Santa Cruz Biotechnology, Heidelberg, 
Germany). Expression of VEGF-R1 and VEGF-R2 was 
evaluated with coimmunostaining with IBA1. 

Briefly, after permeabilization with 0.1% Triton X-100 
in PBS for 30 min, specimens were rinsed and saturated for 
30 min with 5% goat serum in PBS. They were incubated 
overnight at 4 °C with the primary antibodies. After washing, 
sections were incubated for 1 h at room temperature with 
a secondary Alexa Fluor 488 (green)-conjugated goat anti- 
rabbit monoclonal antibody and a secondary Alexa Fluor 
594 (red)-conjugated goat anti-mouse monoclonal antibody, 
each at dilution 1:200 (Invitrogen). For each step, antibodies 
were diluted in PBS-1% goat serum. After the nuclei were 
stained with DAPI (1:5,000; Sigma-Aldrich), the sections 
were mounted with gel mount and were observed with a 
fluorescence laser scanning microscope (Olympus BX51, 
Rungis, France). 

Quantification of activated ionized calcium-binding adaptor 
molecule 1-stained cells: To quantify microglial activation 
and migration, IBA1 round amoeboid cells were counted on 
six retina and choroid 7 |j.m sections at the optic nerve level 
(and on five eyes per treatment group). Cell number was 
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expressed as the mean ± standard deviation (SD) of the total 
cells per section. 

Retinal flatmounting: Eyes were fixed for 15 min in 4% 
paraformaldehyde (Ladd Research Industries, Inland Europe, 
Conflans-sur-Lanterne, France). After being washed, the 
retinas were isolated, cut into four orthogonal incisions, and 
postfixed with acetone 100% at -20 °C for 15 min. They were 
then rehydrated with PBS containing 1% Triton X-100, and 
incubated with the rabbit anti-IBAl antibody (1:400) at room 
temperature under stirring overnight. After being washed 
with PBS, the Alexa Fluor 488-conjugated goat anti-rabbit 
IgG (1:200; Molecular Probes, Leiden, the Netherlands) was 
applied for 1 h. The retinas were flatmounted using gel mount 
with the vitreous side up. Images were taken using a fluores- 
cence laser scanning microscope (Olympus BX51, Rungis, 
France) and a confocal laser scanning microscope (Zeiss 
LSM 710; Carl Zeiss Microimaging, Oberkochen, Germany). 
Confocal microscopic images spanning the full thickness of 
the retina were performed by scanning at 1 \xm increments 
(objective 20X lens). The total IBA1 immunostained area was 
quantified on flatmounted images, using automatic measure- 
ments of the IBA1 surface (ImageJ). A specific macro was 
built to distinguish between the round IBA1 staining area and 
the total IBA1 staining area. To confirm that this program 
adequately distinguished round amoeboid IBAl-positive 
cells, we correlated automated drawing of round cells and 
amoeboid and IBAl-positive cells to manual counts on 
two areas (of 1 mm 2 ) of five retinas (by two independent 
observers). The correlation coefficient was 98%. This method 
was therefore used to quantify IBA1 staining on eight regions 
(of 1 mm 2 ) from the different quadrants of the retina (two per 
quadrants). 

Statistical analysis: Data are expressed as mean ± standard 
error of the mean (SEM). Statistical analysis was conducted 
using a software program for predictive analytics (GraphPad 
Prism 5; GraphPad Software, San Diego, CA). The Mann- 
Whitney test was used when two groups were compared. 
Values of p<0.05 were considered significant. 

RESULTS 

Vascular endothelial growth factor neutralization does not 
exert an anti-inflammatory effect on endotoxin-induced 
uveitis: Intravitreous injection of rat anti-VEGF antibody at 
the time of the LPS challenge did not influence the clinical 
uveitis score at 24 h (2.6±0.2) or at 48 h (1.7±0.1) compared to 
vehicle injection (2.8±0.1 and 1.80±0.4 at 24 and 48 h, respec- 
tively, n = 5 rats per group, p>0.05; Figure 1A). Rat anti-VEGF 
significantly reduced ocular VEGF levels at 24 h from 16.7±5 
pg/ml to 3.36±1.3 pg/ml in rat ocular media (n = 5 rats per 
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group, p = 0.0436; Figure IB) validating its expected biologic 
effect, but did not reduce the severity or duration of EIU in 
rats. Rat isotype IgG did not exert an anti-inflammatory 
effect and did not reduce ocular VEGF (data not shown). In 
agreement with clinical scoring, cytokines, measured in the 
ocular media of rats at either 24 or 48 h after LPS injection 
using multiplex, did not vary significantly in the group of rats 
treated with anti-VEGF compared to the vehicle-treated rats. 
In particular, the IL-ip level was measured at 130.9±48.99 pg/ 
ml in the anti-VEGF group versus 99.54±11.34 pg/ml in the 
vehicle group, p = 0.5501; IL-6 3587±493.9 pg/ml in the anti- 
VEGF group versus 4879±560.1 pg/ml in the vehicle group, 
p = 0.1266; TNF-a was 21.46±4.35 pg/ml in the anti-VEGF 
group versus 27.36±2.45 pg/ml in the vehicle group, p = 
0.3090; MCP-1 was 9854±1239 pg/ml in the anti-VEGF group 
versus 10,596±374.7 pg/ml in the vehicle group, p = 0.6226). 
At 48 h, ocular cytokines decreased similarly in both groups 
(data not shown; IL-ip was 23.43±7.24 pg/ml in the anti- 
VEGF group versus 28.63±18.50 pg/ml in the vehicle group, 
p = 0.8003; IL-6 171.8±51.70 pg/ml in the anti-VEGF group 
versus 410.3±107.2 pg/ml in the vehicle group, p = 0.0685; 
TNF-a was 6.87±1.59 pg/ml in the anti-VEGF group versus 
7.50±0.69 pg/ml in the vehicle group, p = 0.7273; MCP-1 was 
2853±667.2 pg/ml in the anti-VEGF group versus 3899±706.8 
pg/ml in the vehicle group, p = 0.3132). 

In agreement with the cytokine levels and clinical 
scoring, at 24 h, the number of polymorphonuclear cells 
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infiltrating the ocular tissues did not differ significantly 
in eyes treated with vehicle (14.9±2.1 cells/section, n = 5), 
compared with eyes treated with anti-VEGF (13.3±3.5 cells/ 
section, n = 5, p>0.05; Figure 1C). All together, these results 
show that neutralizing VEGF does not exert an anti-inflam- 
matory effect on EIU. 

Vascular endothelial growth factor neutralization reduces the 
number of round activated microglia in endotoxin-induced 
uveitis: Activation of microglia induces modification of its 
shape from ramified multidirectional extensions to polarized 
dendrites and then to round amoeboid cells (Figure 2A,D 
inset). The number of activated round amoeboid microglia did 
not vary significantly in eyes treated with the rat IgG isotype 
antibody compared to the vehicle-treated eyes (n = 5 rats per 
group, p>0.05; Figure 2H). However, in the eyes treated with 
anti-VEGF at 24 h compared to the vehicle-injected eyes, the 
number of round amoeboid IBAl-positive cells was signifi- 
cantly decreased in the inner retina (18.42±1.35 cells/section 
in the inner retina compared to 39±0.5 cells/section, n=5 rats 
per group, p<0.0001), the outer retina (2.2±0.5 cells/section as 
compared to 9±1.8 cells/section, n = 5 rats per group, pO.OOl), 
and the choroid (41±2.5 cells/section compared to 56±6 cells/ 
section, n = 5 rats per group, p<0.05; Figure 2A-G). At 48 h, 
although numerous activated cells were still present in the 
retina and the choroid of rats with EIU, the IBAl-positive 
cells could hardly be identified in the anti-VEGF-treated rats 
(not shown). The morphology of IBAl-positive cells was also 
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Figure 1. Clinical and biological effects of anti-VEGF on EIU in rats. A: Clinical scoring of endotoxin-induced uveitis (EIU; n = 5 rats per 
group, p>0.05). B: vascular endothelial growth factor (VEGF) ocular levels (pg/ml) at 24 h (n = 5 rats per group, p = 0.0436). C: Polymor- 
phonuclear cell infiltration in the anterior segment (AS) and in the posterior segment (PS) of rats (five sections/ eye, five eyes per group). 
D: Ocular levels of interleukin (IL)l-(3 (nyl\\X; n = 5, p = 0.55), E: IL-6 (pg/ml; n = 5, p = 0.068). F: Monocyte chemoattractant protein-1 
(MCP-1; pg/ml; n = 5, p = 0.3132). G: Tumor necrosis factor (TNF)-a (ny/yl; n = 5, p = 0.7273). 
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modified by anti-VEGF treatment in the iris and ciliary body 
(not shown) and the choroid (Figure 2D-G), where numerous 
round cells were observed in the ElU-vehicle-injected eyes 
compared to the ramified, dendritic IBAl-positive cells in 
the anti-VEGF-injected eyes. Because quantifying cells on 
sections may not represent cellular events that occur all over 
the retina, we also counted IBAl-positive cells on the entire 
flatmounted retina. 

On the flatmounted retinas, numerous round amoeboid 
microglia were observed in the vehicle-injected EIU rats 
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(Figure 3A-C, arrows), while more ramified cells were 
observed after anti-VEGF treatment (Figure 3B-D). To count 
the total number of microglia in the inner neuroretina and 
the relative number of round and ramified IBAl-positive 
cells, the surface of the fluorescently stained IBAl-positive 
cells was analyzed automatically after the different microglia 
shapes were captured on the flatmounted retina as illustrated 
in Figure 3C,D. This automated quantification showed that 
although no significant difference was observed in the 
total surface of IBA1 staining between the anti-VEGF and 
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Figure 2. Ionized calcium-binding adaptor molecule 1 immunostaining of microglia and macrophages in endotoxin-induced uveitis at 24 h 
after lipopolysaccharide injection A: Retina section after vehicle intravitreal injection; in green ionized calcium-binding adaptor molecule 
1 (IBA1) staining and in blue nuclei are stained with 4',6-diamidino-2-phenyl-indole (DAPI). Arrowheads indicates round IBAl-positive 
cells, magnified in the inset. Bar = 50 um, GCL = ganglion cell layer, INL = inner nuclear layer, ONL = outer nuclear layer. B: Retina section 
after anti-vascular endothelial growth factor (VEGF) intravitreal injection. IBAl-positive cells (in green) are ramified and elongated in the 
inner retina as magnified in the inset. Nuclei are stained in blue with DAPI. Bar = 50 um, GCL = ganglion cell layer, INL = inner nuclear 
layer, ONL = outer nuclear layer. D-F: Choroid section after vehicle intravitreal injection stained with IBA1 (D) and DAPI (F), showing 
round amoeboid cells (magnified in the inset). Bar = 50 um, RPE = retinal pigment epithelial cells. E-G: Choroid section after anti-VEGF 
intravitreal injection stained with IBA1 (E) and DAPI (G), showing round elongated ramified cells (magnified in the inset). Bar = 50 um, 
RPE = retinal pigment epithelial cells. C and H: Quantification of round IBAl-positive cells in the inner and outer retina and in the choroid 
of rat eyes with EIU at 24 h, injected either with vehicle or with anti-VEGF antibody (C) or with control rat isotype immunoglobulin G 
(IgG) antibodies (H) *p<0.05, ***p<0.0001. 



913 



Molecular Vision 2014; 20:908-920 <http://www.molvis.org/molvis/v20/908> 



) 2014 Molecular Vision 



vehicle-treated eyes (n = 10 retinas per group, p>0.05), the 
area of fluorescence resulting from round IBA1 immunola- 
beled cells was significantly decreased after anti-VEGF treat- 
ment compared to the vehicle-treated eyes (n = 10 retinas per 
group, p<0.05; Figure 3E,F). NOS2 is expressed in activated 
macrophages and microglia and is a marker of the activation 
state [13,38]. As shown in Figure 4, double-stained IBA1/ 
NOS2 positive round cells were identified in the retinas of 
eyes with EIU treated with vehicle (Figure 4A-C), but none 



were found in the anti-VEGF-treated eyes (Figure 4D-F). 
NOS2 expression was also decreased at the mRNA levels 
in the anti-VEGF-treated retinas compared to the vehicle- 
treated retinas (Figure 4G). TNF-a expression by microglia 
is also a marker of its activation, but TNF-a expression was 
not significantly reduced in the whole neuroretina of eyes 
treated with anti-VEGF compared to controls even if a trend 
was observed (data not shown). 
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Figure 3. Ionized calcium-binding adaptor molecule 1 immunostaining on flatmounted retinas. A-B: Example of flatmounted retinas from 
rat eyes with endotoxin-induced uveitis (EIU) injected with vehicle (A) or with antivascular endothelial growth factor (VEGF) antibodies 
(B); Bar = 50 |im. Arrowhead show round reactive ionized calcium-binding adaptor molecule 1 (IBAl)-positive cells. C-D: Extraction of 
cell contours used for automatic labeling of IBA1 staining. E-F: Quantification of round and total IBA-1 positive cells on flat-mounted retina 
from EIU control and anti-VEGF treated eyes. Bar = 50 um. 



914 



Molecular Vision 2014; 20:908-920 <http://www.molvis.org/molvis/v20/908> 

IBA-1-iNOS-Dapi IBA-1 



) 2014 Molecular Vision 



O 

'sz 

> 



LL 

CD 

LU 

> 

C 
< 



iNOS 



'GcV"~ H**"* 



ONL | 



B 




c 




GO. 

r 




GCL 


□ 


INL 


- 


INL 




ONL 


* ■ 


ONL 





F 

GCL 



ONL A' 
— ••" r 




Vehicle Anti-VEGF 



Figure 4. Inducible nitric oxide synthase expression: immunohistochemistry and RT-PCR inducible nitric oxide synthase and ionized 
calcium-binding adaptor molecule 1 coimmunostaining on retinal sections of rats with endotoxin-induced uveitis injected with vehicle 
(A-C) or with antivascular endothelial growth factor (D-F). A and D: Ionized calcium-binding adaptor molecule 1 (IBA1) cells are labeled 
in green, iNOS is labeled in red and nuclei are stained in blue with 4',6-diamidino-2 -phenyl-indole (DAPI). B and E: IBA1 cells labeled 
in green. C and F: Inducible nitric oxide synthase (iNOS) labeled in red. GCL = ganglion cell layer, INL = inner nuclear layer, ONL = 
outer nuclear layer, RPE = retinal pigment epithelial cells, Chor: choroid. Bar = 50 um. Insets are increased magnifications (5X) of regions 
delimited by squares. G: iNOS mRNA expression on retinal extracts from vehicle and antivascular endothelial growth factor (anti-VEGF) 
rat eyes; n = 5 per groups * p<0.05). 



Vascular endothelial growth factor receptor expression 
in retinal microglia: At 24 h after LPS injection, VEGF 
receptor expression was evaluated in microglial cells with 
coimmunostaining of VEGF-R1 or -R2 and IBA1. A subset 
of IBAl-positive cells expressed VEGF-R1, particularly 
the round activated ones (Figure 5A-C and inset). In eyes 
treated with anti-VEGF, VEGF-R1 remained expressed in a 
subset of IBAl-positive cells (Figure 5D-F). VEGF-R2 was 
expressed in sparse perivascular IBAl-positive cells (Figure 
6A-C and inset). In the anti-VEGF-treated eyes, the expres- 
sion of VEGF-R2 decreased in deactivated macrophages and 
microglia (Figure 6D-F). 



DISCUSSION 

Anti-VEGF drugs used in treating retinal diseases aim at 
controlling angiogenic processes or vascular leakage that are 
at least partly VEGF-driven [40]. However, the mechanisms 
of action of anti-VEGF drugs on various retinal diseases 
are not fully understood. Sub-clinical inflammation with 
microglial or macrophage activation has been suspected to 
contribute to retinal pathogenesis in diabetic retinopathy and 
age-related macular degeneration [11,24], but the effect of 
anti-VEGF treatment on retinal microglia and macrophages 
has not been analyzed independently from an angiogenic 
context although anti-VEGF drugs were approved for 
macular edema not related to neovascularization. Impor- 
tantly, macrophages express VEGFR-1 (Flt-1), and the use of 
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Figure 5. VEGF-R1 and IBA1 co-immunostaining on retinal sections retinal sections of EIU rats injected with vehicle (A-C) or anti-VEGF 
(D-F). GCL = ganglion cell layer, INL = inner nuclear layer, ONL = outer nuclear layer, RPE = retinal pigment epithelial cells, Chor = 
choroid. Insets are increased magnification (5X) of regions delimited by squares. Bar = 50 um. 



Fit- 1 -deficient mice demonstrated that in rheumatoid arthritis 
models, VEGF induced macrophage activation through Flt- 
1-dependent signaling [41,42]. In the brain, VEGF-induced 
migration and proliferation of microglia were also shown to 
result from Flt-1 activation [26], which mediated microglial 
responses to the amyloid peptide, suggesting its contribution 
in Alzheimer disease [28]. 

In the rat retina, we found that microglia and macro- 
phages express Flt-1 (VEGF-R1) in inflammatory conditions 
in vehicle- and anti-VEGF-treated eyes. However, not all 
IBAl-positive cells expressed VEGF-R1 suggesting that 
potentially only a subset of cells is directly VEGF-sensitive. 
Interestingly, in eyes with EIU, reactive round microglia cells 
seemed to overexpress VEGF-R1 compared to the inactivated 



dendritic ones and expressed VEGF-R2. This overexpres- 
sion of Flt-1 was found in vitro in activated monocytes [43]. 
Moreover, in a rat model of spinal cord injury, upregulation of 
VEGF-R1 and VEGF-R2 mRNA occurred in microglia and 
macrophages that infiltrated the lesion site early, suggesting 
that in activated conditions both VEGF receptors could be 
expressed [44]. 

Macrophages and microglia express VEGF receptors, 
and have been recognized in the pathogenesis of retinal 
diseases treated with anti-VEGF. Therefore, we studied the 
effect of anti-VEGF in an acute model of ocular inflammation 
in which microglial migration and activation have been previ- 
ously characterized [45]. This inflammatory non-angiogenic 
model was chosen to distinguish anti-VEGF effects not 
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Figure 6. VEGF-R2 and IBA1 coimmunostaining on retinal sections retinal sections of EIU rats injected with vehicle (A-C) or anti-VEGF 
(D-F). GCL = ganglion cell layer, INL = inner nuclear layer, ONL = outer nuclear layer, RPE = retinal pigment epithelial cells, Chor = 
choroid. Insets are increased magnification (5X) of regions delimited by squares. Bar = 50 um. 



related to inhibition of angiogenesis. Whereas treatment 
with specific rat anti-VEGF antibodies reduces ocular VEGF 
levels, it does not significantly reduce inflammation clinically 
and biologically. Indeed, no significant decrease in the major 
cytokines involved in EIU was measured in the ocular media, 
and no significant decrease in infiltrating polymorphonuclear 
was observed after anti-VEGF treatment. However, reducing 
VEGF by neutralizing anti-VEGF antibodies decreased the 
activation state of the microglia and macrophages in the retina 
and the choroid, as shown by the decreased round amoeboid 
IBAl-positive cells and the decreased production of NOS2 by 
those cells. These effects were specific since the rat isotype 
IgG had no effect, demonstrating that anti-VEGF has direct 
modulating effects on the activation state of microglia and 
macrophages. 

Previous work from our group demonstrated that macro- 
phage and microglia depletion by liposomes containing 
dichloromethylene-diphosphonate decreased clinical signs 
of EIU but did not decrease cellular retinal infiltration [23]. 
Several reasons can explain this discrepancy. First, the route 



of injection of anti-VEGF antibody in the vitreous might not 
be optimal in this model of ocular inflammation that affects 
the anterior segment of the eye. Moreover, placental growth 
factor (PGF) that activated Fit- 1 [46] is not neutralized by 
anti-VEGF antibody. This could explain that microglia and 
macrophages were partially deactivated as shown by the 
non-significant downregulation of TNF-a in the retina in the 
treated eyes. Another explanation could be that only a subset 
of microglia and macrophages express VEGF receptors 
suggesting that other factors could modulate their activation 
state. Moreover, deactivation of macrophages and microglia 
is not directly comparable to depletion of macrophages 
and microglia. The balance of pro- and anti-inflammatory 
mediators produced by macrophages and microglia probably 
regulates ocular inflammation in a more complex manner 
[47,48]. Finally, the local administration of anti-VEGF prob- 
ably does not act on circulating monocytes since its systemic 
passage is low. 

In our experiments, we cannot exclude that anti-VEGF 
also acted on infiltrating myeloid cells that are also labeled 
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by IBA1. However, the systemic depletion of circulating 
macrophages did not decrease the retinal cellular infiltra- 
tion suggesting that circulating monoctyes and macrophages 
poorly contribute to inflammation in the posterior segment 
[23]. 

No animal model recapitulates all features of human 
diseases, but the fact that in a specific model of acute inflam- 
mation, anti-VEGF exerts direct effects on the activation of 
microglia and macrophages in the retina and the choroid 
suggests that similar effects could intervene in more complex 
retinal diseases where sub-clinical inflammation and microg- 
lial activation are suspected to be pathogenic. Clinical studies 
suggested that long-term anti-VEGF treatment for diabetic 
macular edema had an unexpected effect on the diabetic reti- 
nopathy severity [35]. Microglia deactivation by anti-VEGF 
could be a mechanism that mediates this beneficial effect. 
Novel anti-VEGF drugs such as aflibercept that neutralize 
VEGF and PGF might have potentiated activity on microglia 
activation. However, whether VEGF-induced microglia acti- 
vation could have beneficial effects on clearance of retinal 
debris as shown for alveolar macrophages [49] remains to be 
evaluated, and whether full inhibition of microglia activation 
would be more beneficial in the retina remains unclear. 

In conclusion, anti-VEGF drugs may exert significant 
unsuspected effects on retinal and choroidal microglia and 
macrophages that play important and complex roles in the 
pathogenesis of retinal diseases. Further studies should 
evaluate these effects in different ocular models of retinal 
diseases. 
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